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Abstract  

Polymeric coatings can be used to slow the ingress of moisture in composite materials. The 
effectiveness of these coatings is limited by the quality and thickness, as well as the moisture 
diffusivity and solubility. The present study investigates the long-term effectiveness of coatings 
for thick composite laminates, as well as traditional thin laminates. The results are compared 
for static and fluctuating boundary conditions, with comparisons showing how theoretical 
predictions can be used to define the coating performance characteristics for protecting 
composite structures. 

The theoretical approach is used to determine important attributes for moisture protection of 
polymer-matrix composite structures provided by polymeric coatings. Developed solutions are 
used to evaluate a range of coating materials and thicknesses for thin and thick substrates. The 
diffusion constants and the saturation levels for the coating material were obtained from the 
range of available coating materials. The results include typical diffusion patterns for coating 
materials, saturation of the coating layer, development of moisture through time, and effects of 
the material properties for the various substrate thickness. Moisture diffusion behavior at the 
substrate-coating interface is also presented. For relatively thick coating layers, the results show 
that the diffusion constant and the saturation level of the coating must both be low to 
significantly affect the diffusion process. 
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1. Introduction 

Moisture absorption is a significant design consideration for polymer-matrix composites. 

For U.S. Army applications, the hygroscopic expansion of composite materials and the 

subsequent effects on dimensional stability are extremely important (Newill et al. 1999). Typical 

ordnance structures are made of thick (on the order of several hundred plies), precise, 

high-quality composite parts. These structures are designed with very tight dimensional 

tolerances; 120-mm tank ammunition is designed to have between 0.1-mm and 0.2-mm clearance 

between the outer diameter of the bullet and the inner diameter of the gun barrel. Small changes 

in the diameters have been shown to affect the in-bore performance of the rounds. These 

structures must be capable of long-term storage and deployment in a variety of environmental 

conditions. Therefore, understanding the absorption of moisture and the expansion of the 

structures in realistic environments is essential for determining the maximum exposure times and 

conditions for the ammunition. 

The present study uses solutions developed for analyzing moisture diffusion in multidomain 

structures subject to transient boundary conditions. While diffusion in polymers and polymeric 

coatings can be defect driven, this paper takes a theoretical approach to characterize the 

effectiveness of ideal (no cracks or pinholes) coatings on composites. This allows the basic 

material properties of the coating and substrates, as well as the coating thickness, to be evaluated 

analytically to focus experimental work on the actual materials and processes. The theoretical 

work can then be used to extend predictions to complicated structures and realistic long-term 

environments (Springer 1977; Newill, Hoppel, and Berman 1998). 

It is convenient to begin moisture diffusion analysis by assuming Fickian diffusion for the 

moisture uptake for a single homogenous material. Also, if the sample thickness is much less 

than the length and width, the diffusion can be considered one-dimensional. Polymers 

eventually reach maximum moisture content for a given surrounding humidity level. The 

relation between the maximum moisture content and the external humidity level is given by, 

M=a(R.H.)\ (1) 



where Mm is the maximum moisture content, a and ß are material constants, and R.H. is the 

surrounding relative humidity level (Tsai 1988; Pipes, Vinson, and Chou 1976; Shen and 

Springer 1976). 

2. Methodology 

This study investigates theoretical diffusion performance of coated substrates. It is intended 

to help focus experimental work and provide estimates of the "best case" moisture protection that 

can be afforded by coatings. Figure 1 shows the schematic of the problem. The problem is 

divided into two regions, the substrate, and the coating. The substrate is the material that is 

being protected from moisture intrusion. The purpose of this paper is to investigate some of the 

geometric parameters and material properties that govern moisture diffusion. 
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Figure 1. Schematic of Problem Description. 



The solution for the moisture content of the substrate (w) and the coating (w) is given in 

equations (2) and (3) (Newill et al., to be published) with the applicable constants defined in 

equations (4) through (10) and the roots of the equations defined in equation (11): 
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Figure 1 also defines the interface and boundary conditions used for solution. The solution 

is divided into two domains, each with its own local coordinate system. It is assumed that both 

domains start without any moisture. At the right side of the domain, equation (1) is used for f(t) 

where "a " is assumed to be the saturation level of the coating material and "ß" is assumed to be 

1 (Tsai 1988). At the interface, two conditions must be met. First, the driving potential, % 

mositure/saturation, of the two materials must be the same; second, the flux at the interface must 

be continuous (Carslaw 1959). 

There are two important ratios present in this problem. They are the ratio of the saturation 

levels, "k" and the ratio of the diffusion rates of the coating material to the substrate, "a" 

equation (4). The range of values used for "a" and "£" in this study were obtained from 

reviewing the moisture literature and data from the coating manufacturer. The range of diffusion 

rates for coating materials was from an order of magnitude below the diffusion rate for the 

substrates (T650/1914: D = 7.479E-06 inA2/hr at 101° F; AS4/Ultem: D = 4.396E-05 inA2/hr at 

101° F) (Bogetti et al. 1997) to an order of magnitude above. The range for the saturation level 

of the coating materials was from 0.25 times to 8 times the saturation levels for the substrates 

(e.g., T650/1914's saturation level is 0.76%; AS4/Ultem's saturation level is 0.44%). This does 

not imply that there is a coating that represents every combination of "a" and "k" used in the 

study. 

In order to provide meaningful predictions, accurate material data must exist for the coatings 

and the composites of interest. These data include diffusion coefficients, solubility, and 

directional dependence of moisture transport (if any). Traditional methods for determining the 

rate of diffusion of permeants in polymers generally employ gravimetric means. The techniques 

are very difficult to use on thin samples such as polymeric coatings. Other experimental 

techniques can be used to study diffusion in thin polymer coatings. Fourier transform 

infrared-attenuated total reflectance (FTIR-ATR) spectroscopy is a very effective method for 

penetrant diffusivity evaluation (Fieldson and Barbari 1993; Nguyen, Byrd, and Lin 1991; 

McKnight and Gillespie 1997). 

FTIR-ATR studies on diffusion of water through organic coatings have been established, 

and the experimental details have been reported in the literature (Fieldson and Barbari 1993; 

Nguyen, Byrd, and Lin 1991; McKnight and Gillespie 1997). Briefly, a coating is applied to an 



internal reflection element (IRE) and a "boat cell" is placed adjacent to the coated IRE. The 

penetrant is injected into the boat cell and diffuses through the coating, and the IR spectra are 

monitored in real time. Figure 2 shows the setup schematically. The measured absorbance can 

be directly related to the concentration of the absorbing species, and the diffusion coefficient can 

be determined using a suitable diffusion model (Fieldson and Barbari 1993; McKnight and 

Gillespie 1997). 

Boat Cell 

Water 

IR Beam 

Figure 2.  Experimental Setup for FTIR-ATR Diffusion Measurement. 

In this work, germanium IREs (n = 4.0) were coated with military-type coatings. A 

Polyurethane and epoxy coating was evaluated. Experiments were performed using liquid water 

as the permeant to reflect immersion conditions. A Fickian data reduction scheme was used to 

calculate the diffusion coefficients. To determine the equilibrium moisture content, 

free-standing coating films were saturated with water and then dried in a thermogravimetric 

analyzer (TGA), which measured weight loss with time. Results from a typical FTIR-ATR 

experiment are shown in Figure 3. Table 1 summarizes the diffusion constants and equilibrium 

weight gain. 
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Figure 3. Results From a Typical FTIR-ATR for Polyurethane. 

Table 1. Diffusion Coefficients and Equilibrium Weight Gain for Coatings. 

Polymer Temp. 

(°C) 

Diff. Coef. 

(cmA2/s) 

Final Uptake 

(weight-percent) 

Reference 

Epoxy/Amine 25 5.3E-8 4.25 This Work 

Polyurethane CARC 25 1.2E-8 8.20 This Work 

Polyetherimide 25 3.0E-9 — Bogetti(1997) 

Polyacrylonitrile 25 1.0E-10 — Fieldson(1993) 



3. Typical Results 

Results are presented for two types of cases. The first case uses constant boundary 

conditions, and the second case uses transient boundary conditions. The constant boundary 

conditions results are presented to give basic insight into the process; and, the transient results 

are used to assess long-term protection to a realistic environment. The solutions are used 

coupled with material data to predict the ability of coatings to protect substrates. 

3.1. Constant Boundary Condition 

Figure 4 shows typical results for coated substrates subjected to constant boundary 

conditions. There are several important features. First, at the interface between the coating and 

substrate, there is a discontinuity. The discontinuity is a function of the difference in the 

saturation levels of the coating and substrate. Although it is difficult to see in the figure, the flux 

at the interface is also matched. 

The normalized moisture level at the mid-plane of the substrate was used as as a measure of 

moisture penetration. The moisture level was normalized by dividing by the saturation level of 

substrate and is referred to as the diffusion potential. As a comparison, the equivalent substrate 

without a coating is shown to gauge relative diffusion performance. The substrate with a = 1 and 

k = 1 implies that the coating layer has the same diffusion rate and saturation level as the 

substrate. For each of the analyses, material properties were chosen for the substrate, then the 

coating material properties were varied relative to the substrates. Figure 5 shows the general 

effects of coatings. 
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Figure 4. Diffusion Results for k = 2, a = 1, Is = 0.5, and Ic = 0.01 in. 
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Figure 5.  Effect of Coatings on the Diffusion Potential at the Mid-Plane (Is = 0.1 in, 
Ic = 0.01 in). 

Since each line in the figure represents a different type of coating, the separations between 

the lines imply the particular coatings effect. Each of the lines should be gauged against the case 

where a and k are equal to 1, which represents the effect of just thickening the substrate without 

adding a coating. 

The effectiveness of a coating with constant boundary conditions should be made at a time 

corresponding to the separation near the largest deviation seen in the Figure 5, which is the best- 
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case performance for the coating. Figure 6 shows the diffusion potential (which is percent 

moisture/saturation value which ranges from 0 to 1) results for coating thickness from Ic = 0.002 

in. to/c = 0.01 in. 

Ic = 0.002 Ic = 0.010 

Time (hr) 

• a=0.1,k=0.25 
• a=1,k=0.25 
a=10.k=0.25 

-a=0.1,k=1 
ma=1,k=1 
ma=10,k=1 

a=0.1,k=8 
ma=1,k=8 
ma=10,k=8 

Figure 6.  Diffusion Potential at the Mid-Plane for Is = 0.1 in and Ic = 0.002 in and 
Ic = 0.01 in, Respectively. 

In Figure 6, some very small differences can be seen around 800 hr. The maximum value 

remains near 0.66, and it is important to note that the coated substrates do not appreciably 

perform differently than the uncoated substrates. In Figure 6, with Ic = 0.01 in, a dramatic 

difference can be seen in the diffusion performance of the different coatings. Even with this 

relatively thick coating, five of the nine combinations of "a" and "*" do not cause the coated 

substrate to behave differently from the uncoated substrate. This shows that, if the material 

properties of the coating are chosen properly and the coating is applied thick enough, the 

diffusion can be cut in half. It appears from these figures that control of both "a" and "F are 

necessary to affect diffusion. This is not surprising as the total permeability of the coating can be 

expected to be a product of the diffusivity and solution of moisture in the coating. 



3.2. Transient Boundary Conditions 

Next, the moisture absorption of the substrate is investigated when protected by a coating 

and subjected to transient boundary conditions. The relative humidity system use is described in 

Figure 7. 
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Figure 7. Relative Humidity for the Full Cycle and for 24 hr. 

This cycle is similar to data taken in the field in Army vehicles. The cycle is extrapolated 

over two years. Figure 7 also shows a typical cycle for a 24-hr period. 

Figure 8 shows the response of the coated substrate to the transient cycle described in 

Figure 7. 

0.05 
 r ' 
0.1   0.15   0.2 0 2000"' 6000 ' 10000 14000 

Tlmelhr) 

Figure 8. The Moisture Distribution of the Coated and Uncoated Substrate After 90 Days 
and at the Mid-Plane vs. Time. 

The substrate material used for these figures is typical high performance Gr/Ep (3.3E-6 

inA2/hr, saturation 0.4%).    Figure 8 shows some differences when compared to constant 

10 



boundary condition case (Figure 4). The differences seen between these figures are at the 

coating interface and at the boundary for the uncoated case. Figure 8 also shows the moisture 

content at the mid-plane of the substrate. 

From Figures 9 through 18, a range of different moisture responses can be seen for the 

different coatings. Figure 9 shows that the coating had no effect, and Figures 11 and 12 show 

only a small difference between the performance of the coating and the uncoated substrate as in 

many other cases. Only in three of the cases did the coating provide some level of protection to 

the substrate (Figures 10, 13, and 14). It should be noted that, in two of these cases, the coating 

provided only short- and medium-term protection. In the long term, the moisture distributions of 

the coated and uncoated layer were the same. For these three cases, the saturation level of the 

coating was only 10% of the saturation of the substrate. The diffusion rate had less effect. 

Figures 10 and 14 indicate that changing the diffusion rate by a factor of 4 gives similar results. 

Figure 13 shows that the combination of low relative diffusion rate coupled with low relative 

saturation level and a thick coating yields the best protection. Figures 15 through 18 show the 

same scenarios for a substrate with a thickness of 0.25 in. These results are almost identical, 

again showing that it is the combination of the coating relatively low saturation level, relative 

low diffusion rate, and sufficient thickness are needed to protect a substrate. The combination of 

the relative low diffusion rate and thicker coating also act to change the phase of the response. 

111111111' i ■ i' 1111' i' 11' 11' i''' ■ i' ■' 
0    2000     6000     10000    14000 

Time(hr) 

Figure 9.  Is = 0.1 in, Ic = 0.01 in, a = 0.5, k = 10. 
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Figure 10. Is = 0.1 in, Ic = 0.01 in, a = 0.5, k = 0.1. 

0    2000      6000     10000    14000 
Time(hr) 

Figure 11. Is = 0.1 in, Ic = 0.01 in, a = 2, k = 0.1. 
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Figure 12. Is = 0.1 in, Ic = 0.05 in, a = 0.5, k = 10. 
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Figure 13. Is = 0.1 in, Ic = 0.05 in, a = 0.5, k - 0.1. 
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Figure 14. Is = 0.1 in, Ic = 0.05 in, a = 2, k = 0.1. 
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Figure 15. Is = 0.25 in, Ic = 0.01 in, a = 0.5, k = 10. 
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Figure 16. Is = 0.25 in, Ic = 0.01 in, a = 0.5, k = 0.1. 
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Figure 17. Is = 0.25 in, Ic = 0.05 in, a = 0.5, k = 0.1. 
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Figure 18.  s = 0.25 in, Ic = 0.05 in, a = 2, A: = 0.1. 

A final example considers 0.002 in epoxy primer substrate that is coated with 0.005 in 

■methane paint. Figure 19 shows the paint saturates in hours yielding very little moisture 

protection while Figure 20 show difference between uncoated epoxy primer and the epoxy 

primer with the urethane paint. The difference between the moisture content in the primer with 

and with out the paint is nearly identical. 
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Figure 19. Urethane Paint on Epoxy Primer. 
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Figure 20. Mid-Plane Response of Urethane Paint. 
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4. Conclusions 

Polymeric coatings can be used to reduce the moisture absorption in polymer and polymer- 

composite structures. The analytical approach taken in this paper demonstrates the thickness, 

diffusion constant, and saturation level of the coating relative to those of the substrate are 

essential to the coatings effectiveness. The diffusion rate and the saturation level of the coating 

must both be very small compared to the substrate for the coating to affect the long-term 

diffusion behavior. Even when the material constants are optimized, the coating must be 

relatively thick to affect a substantial reduction of moisture absorption. Even with coatings 

thickness 10% of the substrate thickness or larger, many values of "a" and "*" are not effective 

in protecting the structure from moisture ingress. 
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AMSRL CS AS (RECORDS MGMT) 
2800 POWDER MILL RD 
ADELPHI MD 20783-1145 

3       DIRECTOR 
US ARMY RESEARCH LAB 
AMSRL CILL 
2800 POWDER MILL RD 
ADELPHI MD 20783-1145 

DPTYCGFORRDA 
US ARMY MATERIEL CMD 
AMCRDA 
5001 EISENHOWER AVE 
ALEXANDRIA VA 22333-0001 

INST FOR ADVNCD TCHNLGY 
THE UNIV OF TEXAS AT AUSTIN 
PO BOX 202797 
AUSTIN TX 78720-2797 

DARPA 
B KASPAR 
3701 N FAIRFAX DR 
ARLINGTON VA 22203-1714 

NAVAL SURFACE WARFARE CTR 
CODE B07 J PENNELLA 
17320 DAHLGRENRD 
BLDG 1470 RM 1101 
DAHLGREN VA 22448-5100 

US MILITARY ACADEMY 
MATH SCI CTR OF EXCELLENCE 
DEPT OF MATHEMATICAL SCI 
MADNMATH 
THAYERHALL 
WEST POINT NY 10996-1786 

ABERDEEN PROVING GROUND 

DIRUSARL 
AMSRL CILP (BLDG 305) 
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NO. OF 
COPIES ORGANIZATION 

1     DIR US ARMY RESEARCH LAB 
AMSRL CP CA D SNIDER 
2800 POWDER MILL RD 
ADELPHIMD 20783 

1      CDR US ARMY ARDEC 
AMSTAARFSE TGORA 
PICATINNY ARSENAL NJ 
07806-5000 

3     CDR US ARMY ARDEC 
AMSTAARTD 
PICATINNY ARSENAL NJ 
07806-5000 

5     US ARMY TACOM 
AMSTAJSK 
S GOODMAN 
J FLORENCE 
AMSTATRD 
BRAJU 
LHINOJOSA 
D OSTBERG 
WARREN MI 48397-5000 

5     PM SADARM 
SFAE GCSS SD 
COL B ELLIS 
MDEVINE 
WDEMASSI 
JPRITCHARD 
SHROWNAK 
PICATINNY ARSENAL NJ 
07806-5000 

1     CDR US ARMY ARDEC 
F MCLAUGHLIN 
PICATINNY ARSENAL NJ 
07806-5000 

NO. OF 
COPIES ORGANIZATION 

5      CDR US ARMY ARDEC 
AMSTAARCCH 
S MUSALLI 
RCARR 
M LUCIANO 
TLOUZEIRO 
E LOGSDEN 
PICATINNY ARSENAL NJ 
07806-5000 

2     CDR US ARMY ARDEC 
AMSTAAR  EFENNELL 
PICATINNY ARSENAL NJ 
07806-5000 

1 CDR US ARMY ARDEC 
AMSTAARCCH 
PICATINNY ARSENAL NJ 
07806-5000 

2 CDR US ARMY ARDEC 
AMSTAAR 
PICATINNY ARSENAL NJ 
07806-5000 

1      CDR US ARMY ARDEC 
AMSTA AR CCH P 
JLUTZ 
PICATINNY ARSENAL NJ 
07806-5000 

1      CDR US ARMY ARDEC 
AMSTA AR FSFT 
C LIVECCHIA 
PICATINNY ARSENAL NJ 
07806-5000 

1      CDR US ARMY ARDEC 
AMSTA AR QACT/C 
C PATEL 
PICATINNY ARSENAL NJ 
07806-5000 
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NO. OF 
COPIES ORGANIZATION 

2 CDR US ARMY ARDEC 
AMSTAARM 
D DEMELLA 
F DIORIO 
PICATINNY ARSENAL NJ 
07806-5000 

3 CDR US ARMY ARDEC 
AMSTAARFSA 
A WARNASH 
BMACHAK 
M CfflEFA 
PICATINNY ARSENAL NJ 
07806-5000 

1     CDR SMCWV QAE Q B VANINA 
BLDG 44 WATERVLIET ARSENAL 
WATERVLIETNY 12189-4050 

1     CDR SMCWV SPMTMCCLOSKEY 
BLDG 253 WATERVLIET ARSENAL 
WATERVLIETNY 12189-4050 

8     DIR BENET LABORATORIES 
AMSTAARCCB 
JKEANE 
JBATTAGLIA 
JVASILAKIS 
GFFIAR 
VMONTVORI 
GDANDREA 
R HASENBEIN 
AMSTA AR CCB R S SOPOK 
WATERVLIETNY 12189 

1     CDR WATERVLIET ARSENAL 
SMCWV QA QS KINSCO 
WATERVLIETNY 12189-4050 

1     CDR US ARMY ARDEC 
AMSMC PBM K 
PICATINNY ARSENAL NJ 
07806-5000 

1     CDR US ARMY BELVOIR RD&E CTR 
STRBEJBC 
FT BELVOIR VA 22060-5606 

NO. OF 
COPIES ORGANIZATION 

2 CDR US ARMY ARDEC 
AMSTA AR FSPG 
M SCHIKSNIS 
DCARLUCCI 
PICATINNY ARSENAL NJ 
07806-5000 

1     US ARMY COLD REGIONS RSRCH& 
ENGNRNG LABORATORY 
PDUTTA 
72 LYME RD 
HANOVER NH 03755 

1 DIR US ARMY RESEARCH LABORATORY 
AMSRL WT L D WOODBURY 
2800 POWDER MILL RD 
ADELPHI MD 20783-1145 

3 CDR US ARMY MISSILE COMMAND 
AMSMI RD W MCCORKLE 
AMSMIRD ST P DOYLE 
AMSMI RD ST CN T VANDJVER 
REDSTONE ARSENAL AL 35898-5247 

2 US ARMY RESEARCH OFFICE 
ACROWSON 
JCHANDRA 
PO BOX 12211 
RESEARCH TRIANGLE PARK NC 
27709-2211 

3 US ARMY RESEARCH OFFICE 
ENGINEERING SCIENCES DW 
R SINGLETON 
G ANDERSON 
KIYER 
PO BOX 12211 
RESEARCH TRIANGLE PARK NC 
27709-2211 
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NO. OF 
COPIES ORGANIZATION 

5     PMTMAS 
SFAE GSSC TMA 
COLPAWLICKI 
KKIMKER 
EKOPACZ 
RROESER 
B DORCY 
PICATINNY ARSENAL NJ 
07806-5000 

1 PM TMAS 
SFAE GSSC TMA SMD 
R KOWALSKI 
PICATINNY ARSENAL NJ 
07806-5000 

2 PEO FIELD ARTILLERY SYSTEMS 
SFAE FAS PM 
H GOLDMAN 
TMCWILLIAMS 
PICATINNY ARSENAL NJ 
07806-5000 

2     PM CRUSADER 
GDELCOCO 
J SHIELDS 
PICATINNY ARSENAL NJ 
07806-5000 

2     NASA LANGLEY RESEARCH CTR 
MS 266 
AMSRLVS 
WELBER 
FBARTLETTJR 
HAMPTON VA 23681-0001 

2     CDR 
DARPA 
J KELLY 
BWJLCOX 
3701 N FAIRFAX DR 
ARLINGTON VA 22203-1714 

1      CDR BASE 
WLMLBM 
2941 P STREET STE 1 
WRIGHT PATTERSON AFB OH 45433 

NO. OF 
COPIES ORGANIZATION 

1     NSWC 
DAHLGRENDIV 
CODE G06 
DAHLGRENVA 22448 

1     NAVAL RESEARCH LABORATORY 
CODE 6383 
IWOLOCK 
WASHINGTON DC 20375-5000 

1     OFFICE OF NAVAL RESEARCH 
MECH DIV CODE 1132SM 
YAPA RAJAPAKSE 
ARLINGTON VA 22217 

1     NSWC 
CRANE DIV 
M JOHNSON 
CODE 20H4 
LOUISVILLE KY 40214-5245 

1 DAVID TAYLOR RESEARCH CTR 
SHIP STRUCTURES & PROTECTION 
DEPARTMENT 
J CORRADO CODE 1702 
BETHESDAMD 20084 

2 DAVID TAYLOR RESEARCH CTR 
R ROCKWELL 
WPHYILLAIER 
BETHESDAMD 20054-5000 

1     DEFENSE SPECIAL WEAPONS AGENCY 
INNOVATIVE CONCEPTS DIV 
RROHR 
6801 TELEGRAPH RD 
ALEXANDRIA VA 22310-3398 

1     F SHOUP 
EXPEDITIONARY WARFARE DIV N85 
2000 NAVY PENTAGON 
WASHINGTON DC 0350-2000 

1     OFFICE OF NAVAL RESEARCH 
D SIEGEL 351 
800 N QUINCY ST 
ARLINGTON VA 22217-5660 
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NO. OF 
COPIES ORGANIZATION 

1     NSWC 
JH FRANCIS 
CODE G30 
DAHLGRENVA 2448 

NO. OF 
COPIES ORGANIZATION 

1      LOS ALAMOS NATL LAB 
JREPPAMSF668 
PO BOX 1663 
LOS ALAMOS NM 87545 

2     NSWC 
CODE G32 D WILSON 
CODE G32RD COOPER 
DAHLGRENVA 22448 

1      OAK RIDGE NATL LAB 
RM DAVIS 
PO BOX 2008 
OAK RIDGE TN 37831-6195 

NSWC 
CODEG33 JFRAYSSE 
CODEG33 EROWE 
CODEG33 TDURAN 
CODEG33 LD SIMONE 
DAHLGRENVA 22448 

CDR, NAVAL SEA SYS CMD 
D LIESE 
2531 JEFFERSON DAVIS HWY 
ARLINGTON VA 22242-5160 

1      PENN STATE UNIV 
CBAKIS 
227 N HAMMOND 
UNIVERSITY PARK PA 16802 

3     UDLP 
4800 EAST PJVERRD 
PJANKE MS170 
T GIOVANETTI MS236 
BVANWYK MS389 
MINNEAPOLIS MN 55421-1498 

NSW 
ME LACY CODE B02 
17320 DAHLGRENRD 
DAHLGRENVA 22448 

NSW 
TECH LIBRARY CODE 323 
17320 DAHLGRENRD 
DAHLGRENVA 22448 

DIR SANDIA NATL LAB 
APPLIED MECHANICS DEPT 
DIV 8241 
WKAWAHARA 
KPERANO 
DDAWSON 
PNIELAN 
PO BOX 969 
LIVERMORE CA 94550-0096 

DIR LAWRENCE LIVERMORE NATL LAB 
RCHRISTENSEN 
S DETERESA 
F MAGNESS 
M FINGER 
PO BOX 808 
LIVERMORE CA 94550 

LOS ALAMOS NATL LAB 
F ADDESSIO 
MSB216 
PO BOX 1633 
LOS ALAMOS NM 87545 

1      DREXELUNIV 
A S D WANG 
32ND AND CHESTNUT STREETS 
PHILADELPHIA PA 19104 

1      BATTELLE 
CRHARGREAVES 
505 KING AVE 
COLUMBUS OH 43201-2681 

1      PACIFIC NORTHWEST LAB 
M SMITH 
PO BOX 999 
RICHLANDWA 99352 
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NO. OF 
COPIES ORGANIZATION 

1      LAWRENCE LIVERMORE NATL LAB 
M MURPHY 
PO BOX 808 L 282 • 
LIVERMORE CA 94550 

1     NORTH CAROLINA STATE UNIV 
CIVIL ENGINEERING DEPT 
W RASDORF 
PO BOX 7908 
RALEIGH NC 27696-7908 

1     PENN STATE UNIV 
RMCNITT 
227 HAMMOND BLDG 
UNIVERSITY PARK PA 16802 

1     PENN STATE UNIV 
R S ENGEL 
245 HAMMOND BLDG 
UNIVERSITY PARK PA 16801 

1      PURDUE UNIV 
SCHOOL OF AERO & ASTRO 
CT SUN 
W LAFAYETTE IN 47907-1282 

1      STANFORD UNIV 
DEPT OF AERONAUTICS AND 
AEROBALLISTICS DURANT BLDG 
STSAI 
STANFORD CA 94305 

1 UCLA, MANE DEPT ENGRrV 
HTHAHN 
LOS ANGELES CA 90024-1597 

2 U OF DAYTON RSRCH INSTITUTE 
RYKIM 
AKROY 
300 COLLEGE PARK AVE 
DAYTON OH 45469-0168 

1      UNTV OF DAYTON 
JMWHITNEY 
COLLEGE PARK AVE 
DAYTON OH 45469-0240 

NO. OF 
COPIES ORGANIZATION 

2     UNTV OF DELAWARE 
CTR FOR COMPOSITE MATERIALS 
J GILLESPIE 
MSANTARE 
201 SPENCER LABORATORY 
NEWARK DE 19716 

1      UNIV OF ILLINOIS AT URBANA 
CHAMPAIGN NATL CTR FOR COMPOSITE 
MATERIALS RESEARCH 
216 TALBOT LABORATORY 
J ECONOMY 
104 S WRIGHT STREET 
URBANA EL 61801 

1      UNTV OF KENTUCKY 
LPENN 
763 ANDERSON HALL 
LEXINGTON KY 40506-0046 

1 UNTV OF UTAH 
DEPT OF MECH & INDUSTRIAL ENGR 
5 SWANSON 
SALT LAKE CITY UT 84112 

2 THE UNTV OF TEXAS AT AUSTIN 
CENTER FOR ELECTROMECHANICS 
A WALLS 
J KITZMILLER 
10100 BURNET RD 
AUSTIN TX 78758-4497 

3 VA POLYTECHNICAL INSTITUTE 
6 STATE UNIV 
DEPT OF ESM 
MWHYER 
KREIFSNIDER 
R JONES 
BLACKSBURG VA 24061-0219 

1      UNTV OF MARYLAND 
DEPT OF AEROSPACE ENGINEERING 
AJVIZZESfl 
COLLEGE PARK MD 20742 
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NO. OF 
COPIES ORGANIZATION 

1      AAI CORPORATION 
T G STASTNY 
PO BOX 126 
HUNT VALLEY MD 21030-0126 

1      J HEBERT 
PO BOX 1072 
HUNT VALLEY MD 21030-0126 

1 ARMTEC DEFENSE PRODUCTS 
SDYER 
85 901 AVE 53 
PO BOX 848 
COACHELLA CA 92236 

2 ADVANCED COMPOSITE MATERIALS 
CORPORATION 
PHOOD 
JRHODES 
1525 S BUNCOMBE RD 
GREERSC 29651-9208 

1      SAIC 
DDAKIN 
2200 POWELL ST STE 1090 
EMERYVILLE CA 94608 

1      SAIC 
M PALMER 
2109 AIR PARK RDSE 
ALBUQUERQUE NM 87106 

1      SAIC 
RACEBAL 
1225 JOHNSON FERRY RD STE 100 
MARIETTA GA 30068 

1      SAIC 
G CHRYSSOMALLIS 
3800 W 80TH STREET 
STE 1090 
BLOOMINGTON MN 55431 

NO. OF 
COPIES ORGANIZATION 

6     ALLIANT TECHSYSTEMS INC. 
CCANDLAND 
R BECKER 
CAAKHUS 
DKAMDAR 
MHISSONG 
RDOHRN 
600 2ND ST NE 
HOPKINS MN 55343-8367 

6     ALLIANT TECHSYSTEMS INC. 
J CONDON 
ELYNAM 
J GERHARD 
M WHITE 
LHERIOT 
GHUTCHERSON 
PO BOX 210 
ROCKET CENTER WV 26726-0210 

1      AMOCO PERF PRODUCTS INC 
M MICHNO JR 
4500 MCGINNIS FERRY RD 
ALPHARETTA GA 30202-3944 

1      APPLIED COMPOSITES 
WGRISCH 
333 NORTH SDCTH ST 
ST CHARLES EL 60174 

1      BRUNSWICK DEFENSE 
T HARRIS 
STE 410 
1745 JEFFERSON DAVIS HWY 
ARLINGTON VA 22202 

1      PROJECTILE TECHNOLOGY INC 
515 GILES ST 
HAVRE DE GRACE MD 21078 

1      CUSTOM ANALYTICAL ENGR 
SYS INC 
A ALEXANDER 
13000 TENSOR LANE NE 
FLINTSTONE MD 21530 
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NO. OF 
COPIES ORGANIZATION 

1     NOESIS INC 
ABOUTZ 
11 ION GLEBE RDSTE 250 
ARLINGTON VA 22201-4795 

1     ARROW TECH ASSO 
1233 SHELBURNE RD STE D 8 
SOUTH BURLINGTON VT 05403-7700 

1     NSWC 
RHUBBARDG33C 
DAHLGRENDIV 
DAHLGRENVA 2248-5000 

5     GEN CORP AEROJET 
DPILLASCH 
T COULTER 
CFLYNN 
DRUBAREZUL 
M GREINER 
1100 WESTHOLLYVALE ST 
AZUSACA 91702-0296 

7     CIVIL ENGRRSRCH FOUNDATION 
H BERNSTEIN (PRESIDENT) 
C MAGNELL 
K ALMOND 
RBELLE 
M WILLETT 
EDELO 
B MATTES 
1015 15TH ST NW STE 600 
WASHINGTON DC 20005 

1      NATL INSTITUTE OF STANDARD 
AND TECHNOLOGY 
STRUCTURE & MECHANICS GROUP 
POLYMER DTV POLYMERS RM A209 
G MCKENNA 
GAITHERSBURG MD 20899 

1      DUPONT CO 
COMPOSITES ARAMID FIBERS 
S BORLESKE (DEVELOPMENT MGR) 
CHESNUT RUN PLAZA 
PO BOX 80702 
WILMINGTON DE 19880-0702 

NO. OF 
COPIES ORGANIZATION 

1     GENERAL DYNAMICS 
LAND SYSTEMS DTV 
DBARTLE 
PO BOX 1901 
WARREN MI 48090 

3 HERCULES INC 
G KUEBELER 
JVERMEYCHUK 
B MANDERVILLE JR 
HERCULES PLAZA 
WILMINGTON DE 19894 

1     HEXCEL 
M SHELENDICH 
11555 DUBLIN BLVD 
PO BOX 2312 
DUBLIN CA 94568-0705 

4 INSTITUTE FOR ADVANCED TECH 
HFAIR 
P SULLIVAN 
W REINECKE 
IMCNAB 
4030 2 W BRAKER LN 
AUSTIN TX 78759 

1     INTEGRATED COMPOSITE TECH 
HPERKINSONJR 
PO BOX 397 
YORK NEW SALEM PA 17371-0397 

1     INTERFEROMETRICS INC 
R LARRJVA (VICE PRESIDENT) 
8150 LEESBURG PIKE 
VIENNA VA 22100 

1     AEROSPACE RES &DEV 
(ASRDD) CORP 
D ELDER 
PO BOX 49472 
COLORADO SPRINGS CO 80949-9472 
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NO. OF 
COPIES ORGANIZATION 

1 PM ADVANCED CONCEPTS 
LORAL VOUGHT SYSTEMS 
JTAYLOR 
PO BOX 650003 
MS WT21 
DALLAS TX 76265-0003 

2 LORAL VOUGHT SYSTEMS 
G JACKSON 
KCOOK 
1701 W MARSHALL DR 
GRAND PRAIRIE TX 75051 

1     BRIGS CO 
J BACKOFEN 
2668 PETERBOROUGH ST 
HERDONVA 22071-2443 

1      SOUTHWEST RSRCH INSTITUTE 
ENGR & MATERIAL SCIENCES DIV 
J RIEGEL 
6220 CULEBRA RD 
PO DRAWER 28510 
SAN ANTONIO TX 78228-0510 

1      ZERNOW TECHNICAL SERVICES 
LZERNOW 
425 W BONITA AVE STE 208 
SANDIMASCA 91773 

1      R EICHELBERGER (CONSULTANT) 
409 W CATHERINE ST 
BEL AIR MD 21014-3613 

1 DYNA EAST CORP 
PEI CHI CHOU 
3201 ARCH ST 
PHILADELPHIA PA 19104-2711 

2 MARTIN MARIETTA CORP 
P DEWAR 
L SPONAR 
230 EAST GODDARD BLVD 
KING OF PRUSSIA PA 19406 

NO. OF 
COPIES ORGANIZATION 

3     PRIMEX CORP 
FLINCHBAUGH DIV 
E STEINER 
B STEWART 
DOSMENT 
PO BOX 127 
RED LION PA 17356 

1     PRIMEX CORP 
LWHITMORE 
10101 9TH ST NORTH 
ST PETERSBURG FL 33702 

1      RENNSAELER POLYTECHNIC INST 
RB PIPES 
PRESIDENT OFC 
PITTSBURGH BLDG 
TROY NY 12180-3590 

1 SPARTA INC 
J GLATZ 
9455 TOWNE CTR DRIVE 
SAN DIEGO CA 92121-1964 

2 UNITED DEFENSE LP 
PPARA 
G THOMAS 
1107 COLEMAN AVE BOX 367 
SAN JOSE CA 95103 

1      MARINE CORPS SYSTEMS CMD 
PM GROUND WPNS 
COL R OWEN 
2083 BARNETT AVE STE 315 
QUANTICOVA 22134-5000 

1 OFFICE OF NAVAL RES 
JKELLY 
800 NORTH QUINCEY ST 
ARLINGTON VA 22217-5000 

2 NSWC 
CARDEROCKDIV 
R CRANE CODE 2802 
C WILLIAMS CODE 6553 
3ALEGGETTCIR 
ANNAPOLIS MD 21402 
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NO. OF 
COPIES ORGANIZATION 

5      SIKORSKY 
HBUTTS 
TCARSTENSAN 
BKAY 
SGARBO 
J ADELMANN 
6900 MAIN ST 
PO BOX 9729 
STRATFORD CT 06601-1381 

NO. OF 
COPIES ORGANIZATION 

1     USAF 
WL/MLSM OL A HAKIM 
5225 BAILEY LOOP 243E 
MCCLELLANAFBCA 55552 

1     PRATT & WHITNEY 
DHAMBRICK 
400 MAIN ST MS 114 37 
EAST HARTFORD CT 06108 

1      U WYOMING 
D ADAMS 
PO BOX 3295 
LARAMIEWY 82071 

1     MICHIGAN STATE UNTV 
RAVERILL 
3515EBMSMDEPT 
EAST LANSING MI 48824-1226 

1      AMOCO POLYMERS 
JBANISAUKAS 
4500 MCGINNIS FERRY RD 
ALPHARETTAGA 30005 

1      HEXCEL 
TBITZER 
11711 DUBLIN BLVD 
DUBLIN CA 94568 

1      BOEING 
R BOHLMANN 
PO BOX 516 MC 5021322 
ST LOUIS MO 63166-0516 

1     NAVSEA OJRI 
G CAMPONESCHI 
2351 JEFFERSON DAVIS HWY 
ARLINGTON VA 22242-5160 

1      LOCKHEED MARTIN 
R FIELDS 
1195 IRWIN CT 
WINTER SPRINGS FL 32708 

BOEING 
DOUGLAS PRODUCTS DIV 
LJ HART SMITH 
3855 LAKEWOOD BLVD 
D800 0019 
LONG BEACH CA 90846-0001 

MIT 
P LAGACE 
77 MASS AVE 
CAMBRIDGE MA 01887 

NASA LANGLEY 
J MASTERS 
MS 389 
HAMPTON VA 23662-5225 

CYTEC 
MLIN 
1440 N KRAEMER BLVD 
ANAHEIM CA 92806 

BOEING ROTORCRAFT 
PMINGURT 
PHANDEL 
800 B PUTNAM BLVD 
WALLINGFORD PA 19086 

FAA TECH CENTER 
DOPLINGERAAR431 
P SHYPRYKEVICH AAR 431 
ATLANTIC CITY NJ 08405 

NASA LANGLEY RC 
CC POE MS 188E 
NEWPORT NEWS VA 23608 
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NO. OF 
COPIES ORGANIZATION 

1      LOCKHEED MARTIN 
S REEVE 
8650 COBB DR 
D/73 62 MZ 0648 
MARIETTA GA 30063-0648 

1 WLMLBC 
ESHINN 
2941 PST STE 1 
WRIGHT PAT AFB OH 45433-7750 

2 ÜTRESERACHCTR 
DROSE 
201 MILL ST 
ROME NY 13440-6916 

1      MATERIALS SCIENCES CORP 
BW ROSEN 
500 OFFICE CTR DR STE 250 
FT WASHINGTON PA 19034 

1      DOWUT 
STIDRICK 
15 STERLING DR 
WALLINGFORD CT 06492 

3 TUSKEGEE UNTV 
MATERIALS RSRCH LAB 
SCHOOL OF ENGR & ARCH 
SJEELANI 
HMAHFUZ 
UVAIDYA 
TUSKEGEE, AL 36088 

4 NIST 
RPARNAS 
JDUNKERS 
M VANLANDINGHAM 
D HUNSTON 
POLYMERS DIV 
GAITHERSBURG MD 20899 

NO. OF 
COPIES ORGANIZATION 

1      OAK RIDGE NATL LAB 
AWERESZCZAK 
BLDG 4515 MS 6069 
PO BOX 2008 
OAKRIDGETN 37831-6064 

1      CDRUSARDEC 
T SACHAR 
INDUSTRIAL ECOLOGY CTR 
BLDG 172 
PICATINNY ARSENAL NJ 
07806-5000 

1      CDRUSAATCOM 
AVIATION APPLIED TECH DDR. J SCHUCK 
FT EUSTIS VA 

1      CDRUSARDEC 
AMSTAARSREDYEE 
PICATINNY ARSENAL NJ 
07806-5000 

7     CDRUSARDEC 
AMSTAARCCHB 
BKONRAD 
E RIVERA 
G EUSTICE 
SPATEL 
GWAGNECZ 
RSAYER 
FCHANG 
BLDG 65 
PICATINNY ARSENAL NJ 
07806-5000 

1      CDRUSARDEC 
AMSTA AR QAC T D RIGOGLIOSO 
BLDG 354 M829E3 B?T 
PICATINNY ARSENAL NJ 
07806-5000 

NORTHROP GRUMMAN 
ENVIRONMENTAL PROGRAMS 
R OSTERMAN 
8900 E WASHINGTON BLVD 
PICO RIVERA CA 90660 
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NO. OF 
COPIES ORGANIZATION 

ABERDEEN PROVING GROUND 

75       DIRUSARL 
AMSRLCI 
AMSRLCIC 

WSTUREK 
AMSRLCI CB 

R KASTE 
AMSRLCIS 

AMARK 
AMSRLSLB 
AMSRLSLBA 
AMSRLSLBE 

DBELY 
AMSRLWMB 

A HORST 
E SCHMIDT 

AMSRLWMBE 
GWREN 
CLEVERITT 
D KOOKER 

AMSRLWMBC 
PPLOSTINS 
DLYON 
JNEWILL 
S WILKERSON 

AMSRLWMBD 
RFEFER 
B FORCH 
R PESCE-RODRIGUEZ 
BRICE 

AMSRLWM 
D VIECHNICKI 
GHAGNAUER 
JMCCAULEY 

AMSRLWM MA 
RSHUFORD 
S MCKNIGHT 

AMSRLWM MB 
BFENK 
WDRYSDALE 
J BENDER 
TBLANAS 
T BOGETTI 
RBOSSOLI 
LBURTON 
J CONNORS 
S CORNELISON 
PDEHMER 
RDOOLEY 

NO. OF 
COPIES ORGANIZATION 

AMSRL WM MB (CONTINUED) 
G GAZONAS 
S GHIORSE 
DGRANVELE 
D HOPKINS 
CHOPPEL 
DHENRY 
R KASTE 
R KLINGER 
MLEADORE 
RLIEB 
E RIGAS 
D SPAGNUOLO 
WSPURGEON 
JTZENG 

AMSRLWM MC 
THYNES 

AMSRL WMMD 
WROY 

AMSRLWM ME 
RADLER 

AMSRL WM T 
BBURNS 

AMSRL WMTA 
WGBLUCH 
WBRUCHEY 
THAVEL 

AMSRL WMTC 
RCOATES 
W DE ROSSET 

AMSRL WM TD 
D DIETRICH 
AD GUPTA 

AMSRLWMB A 
FBRANDON 
WDAMICO120 

AMSRL WMBB 
J BORNSTEIN 120 

AMSRLWMBC 
AZIELINSKI 
J POWELL 120 

AMSRL WMBF 
JLACETERA120 
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